Study of Algorithms Deriving Water Transparency and Their Application by 魏国妹
学校编码：10384                                             密级      






硕  士  学  位  论  文 
 
海洋透光度的遥感反演及其应用研究 
Study of Algorithms Deriving Water Transparency and Their 
Application 
 
魏 国 妹 
 
指导教师姓名：商少凌 教授 
专  业 名 称：环 境 科 学 
论文提交日期：2010 年 09 月 



























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             

















第一章  前言.............................................................................................1 
1.1  研究意义........................................................................................................1 
1.2  研究现状........................................................................................................2 
1.2.1  透明度的研究现状..............................................................................2 
1.2.2  真光层深度的研究现状......................................................................7 
1.3  研究设想........................................................................................................9 
第二章  数据与计算方法 ......................................................................11 
2.1  数据来源及比对方法..................................................................................11 
2.1.1  实测数据............................................................................................11 
2.1.2  遥感数据............................................................................................11 
2.1.3  比对方法............................................................................................11 
2.1.3  误差统计方法....................................................................................12 
2.2  实测数据的测量及处理..............................................................................15 
2.2.1  由 PAR 获得 Zeu...............................................................................15 
2.2.2  由 Ed 获得 Zeu...................................................................................16 
2.2.3  PAR 和 Ed 获得 Zeu 的比较 .............................................................16 
2.3  遥感数据的反演..........................................................................................18 
2.3.1  透明度的遥感反演............................................................................18 
2.3.2  真光层深度的遥感反演....................................................................19 
2.3.3  由 QAA 算法获得 a(490)、 bb(490)和 bbp(490) .............................20 
2.3.4  算法的反演流程图............................................................................21 
2.4  比对方法的合理性分析..............................................................................22 
2.4.1  透明度................................................................................................22 
2.4.2  真光层深度........................................................................................24 
2.4.3  小结....................................................................................................24 
第三章  Zsd 的真实性检验 ...................................................................26 
3.1  不同季节各海区验证结果..........................................................................26 
3.2  各海区验证结果..........................................................................................28 
3.3  不同水深海区的验证结果..........................................................................32 
3.4  [Chl]算法的影响因素 .................................................................................35 
3.4.1  实测表层叶绿素与遥感的比较........................................................35 
3.4.2  实测透明度和表层叶绿素之间的关系............................................37 














第四章  Zeu 的进一步检验及其与 Zsd 的比较 ...................................39 
4.1  Zeu 算法的进一步检验 ..............................................................................39 
4.1.1  各海区验证结果................................................................................39 
4.1.2  不同水深海区的验证结果................................................................41 
4.1.3  [Chl]算法的影响因素 .......................................................................43 
4.1.4  小结....................................................................................................44 
4.2  Zeu 和 Zsd 的 IOP 算法检验结果的比较 ..................................................44 
4.2.1  反演结果的比较................................................................................44 
4.2.2  不确定性分析....................................................................................46 
4.2.3  小结....................................................................................................48 
第五章  中国海透明度的分布特征 ......................................................49 
5.1  引言..............................................................................................................49 
5.2  数据与方法..................................................................................................49 
5.2.1  数据....................................................................................................49 
5.2.2  方法....................................................................................................50 
5.3  中国海透明度的遥感分析..........................................................................50 
5.3.1  透明度的空间分布............................................................................51 
5.3.2  透明度随时间的变化........................................................................55 
5.3.3  小结....................................................................................................58 
5.4  影响中国海透明度时空分布的因素..........................................................59 
第六章  总结与展望 ..............................................................................62 
6.1  主要研究结果..............................................................................................62 
6.2  创新点..........................................................................................................63 


















Abstract ....................................................................................................... I 
Chapter One  Introduction ........................................................................1 
1.1  Significance of the researchs .........................................................................1 
1.2  Progress..........................................................................................................2 
1.2.1  Progress of Zsd ....................................................................................2 
1.2.2  Progress of Zeu ....................................................................................7 
1.3  The proposal...................................................................................................9 
Chapter Two  Data and methods.............................................................11 
2.1  Data source and test method ........................................................................11 
2.1.1  In situ data..........................................................................................11 
2.1.2  Remote sensing data ..........................................................................11 
2.1.3  Test method........................................................................................11 
2.1.3  Error analysis .....................................................................................12 
2.2  The measurement and calculation of in situ data.........................................15 
2.2.1  Zeu from PAR sensor.........................................................................15 
2.2.2  Zeu from hyperspectral Ed .................................................................16 
2.2.3  Comparison between Zeu measured by PAR and Ed .........................16 
2.3  The retrieval of remote sensing data............................................................18 
2.3.1  The retrieval of Zsd............................................................................18 
2.3.2  The retrieval of Zeu ...........................................................................19 
2.3.3  Retrieval of a(490)，bb(490) and bbp(490) via Quasi-Analytical 
Algorithm.......................................................................................................20 
2.3.4  The flow chart of the algorithm .........................................................21 
2.4  Feasibility analysis of test method...............................................................22 
2.4.1  Zsd......................................................................................................22 
2.4.2  Zeu .....................................................................................................24 
2.4.3  Conclusion .........................................................................................24 
Chapter Three  Test of algorithm for Zsd ...............................................26 
3.1  Test results for different seasons..................................................................26 
3.2  Test results for different region....................................................................28 
3.3  Test results at different depths .....................................................................32 
3.4  Factors that influence [Chl]-based algorithm ..............................................35 
3.4.1  Comparison between retrieved [Chl] and [Chl] from surface water 
samples...........................................................................................................35 
3.4.2  Relationship between in situ Zsd and [Chl].......................................37 














Chapter Four  Further test on Zeu and compare the result of Zsd..........39 
4.1  Further test on Zeu .......................................................................................39 
4.1.1  Test results for different region..........................................................39 
4.1.2  Test results at different depths ...........................................................41 
4.1.3  Factors that influence [Chl]-based algorithm ....................................43 
4.1.4  Conclusion .........................................................................................44 
4.2  Comparison of test results between Zeu and Zsd ........................................44 
4.2.1  Comparison of retrieved results .........................................................44 
4.2.2  Uncertainty analysis...........................................................................46 
4.2.3  Conclusion .........................................................................................48 
Chapter Five  Spatial and temporal variation of Zsd in the China Sea ..49 
5.1  Introduction..................................................................................................49 
5.2  Data and method ..........................................................................................49 
5.2.1  Data ....................................................................................................49 
5.2.2  Method ...............................................................................................50 
5.3  Distribution of Zsd based on retrieved results .............................................50 
5.3.1  Spatial variation of Zsd......................................................................51 
5.3.2  Temporal variation of Zsd..................................................................55 
5.3.3  Conclusion .........................................................................................58 
5.4  Factors that influence the distribution of Zsd ..............................................59 
Chapter Six  Conclusion and prospective...............................................62 
6.1  Conclusion ...................................................................................................62 
6.2  Innovative ....................................................................................................63 
6.3  Prospective...................................................................................................64 
References.................................................................................................65 
















符号  描述 单位 
a(λ)   Absorption coefficient of the total 
吸收系数 
-1m  
(440)ga   
Absorption coefficient of gelbstoff at 440 nm 
440 nm 波段有色溶解有机物的吸收系数 
-1m  
( )443dga   Absorption of gelbstoff and detritus at 443 nm 
非藻类及 CDOM 在 443 nm 波段的吸收系数 
-1m  
( )443pha   Absorption coefficient of phytoplankton at 443 nm 
藻类颗粒在 443 nm 波段的吸收系数 
-1m  
( )bb λ   
Backscattering coefficient of the total 
后向散射系数 
-1m  
( )bpb λ   




bpb   
Particulate backscattering ratio 
颗粒后向散射系数和颗粒总散射系数的比值 无 
( )c v   Photopic beam attenuation coefficient 
可见光波段光（350～700 nm）光束衰减系数 
-1m  
(490)c   beam attenuation coefficient at 490 nm 490 nm 波段的光束衰减系数 
-1m  
CDOM  Colored desolved organic matter 
有色溶解有机物 无 
[Chl]  Chlorophyll-a concentration 
叶绿素浓度 
-3mg.m  
0D   




minD   



















( ,  )dE zλ   
Downward plane irradiance at the depth z 
光谱的向下辐照度 
2 1W.m .nm− −  
( )VISE z   





( ) ( ,  )VIS dE z E z dλ λ= ∫  
2W.m−  
GOT  Gulf of Tonkin 
北部湾  
IOP  Inherent optical property 
水体固有光学特性 无 
( )dK v   
Photopic vertical diffuse attenuation coefficient 
可见光波段光（350～700 nm）的向下漫衰减系数
-1m  
( )vK z   
Photopic vertical diffuse attenuation coefficient at 
the depth z 
深度为 z 处可见光波段光（350～700 nm）的向下
漫衰减系数 
-1m  
(490)dK   
Vertical diffuse attenuation coefficient at 490 nm 
490 波段的向下漫衰减系数 
-1m  
nLw  Normalized water-leaving radiance 
归一化离水辐射率 
-2 -1 -1mW.cm .μm .sr  
PAR  Photosynthetic available radiation 
有效光合辐射 
2 1einsteins.m .sµ − −  
PP  Primary productivity 
初级生产力 
2 1mg C.m .day− −  
( )rsR λ   
Above-surface remote-sensing reflectance 
遥感反射率 
-1sr  
SCS  South China Sea 
南海  
[SPM]  Concentration of suspended particulate matter 
悬浮颗粒物的浓度 
-3mg.m  
SST  Sea surface temperature 
海水表面温度 
oC 
















VGPM  Vertically generalized production model 
初级生产力估算模型 
 
YS  Yellow Sea 
黄海 
 
aθ   
Sunangle 
太阳高度角 degree 
Zsd  Secchi disc depth 
透明度 m 




















为目标，采用 2004～2009 年间不同季节的中国海航次实测数据，以±48 h 为时间
窗口，1 km 为空间窗口，对基于水体固有光学特性的透明度(Zsd)和真光层深度
(Zeu)半分析算法(简称 IOP 算法)进行检验。 
透明度的研究是通过结合 Doron 等给出的透明度计算公式与反演水体固有
光学特性的 QAA 算法，构成透明度遥感反演的 IOP 算法。其在北部湾的平均百
分比误差 ε 为 34.2%，对数均方根误差 RMSE 为 0.177，与基于叶绿素浓度的经
验算法([Chl]算法)在该区域的反演效果(ε 为 80.0%，RMSE 为 0.282)相比，有明
显的优势。但在南海和黄东海，IOP 算法的 ε 分别为 63.8%和 55.6%，RMSE 为
0.249 和 0.221，反演效果较[Chl]算法差。但对于水深小于 60 m 的海区，IOP 算
法的 ε为 35.6%，RMSE 为 0.183(去除可能异常点，ε为 33.3%，RMSE 为 0.176)，
较文献上报道的其他算法具有明显的优势。 
对于衡量水体透光程度的另一个参数-真光层深度，则是采用 Lee 等提出的
IOP 算法，对于实测真光层深度为 4～93m 范围的遥感反演，ε为 21.6%，RMSE




应用 IOP 算法对透明度和真光层深度的遥感反演进行同步检验，得到 66 组
匹配的数据(实测透明度在 1.2～24.5 m 范围，实测真光层深度在 4.5～79.5 m 范
围)，透明度反演的 ε为 59.9%，RMSE 为 0.250，明显大于真光层深度的反演误
差(ε为 27.3%，RMSE 为 0.138)。这一结果，与 Lee 等基于误差传递理论的分析















为了探讨透明度的时空分布特征，我们采用 2002.7～2009.12 期间的 MODIS
月平均 nLw 数据，用 IOP 算法对中国海透明度进行遥感反演，并选取一些水深








非藻类和 CDOM 的吸收 adg(443)对透明度的影响不一样，在黄渤海，adg(443)明




















Water transparency is an important water property. It is not only a measure of 
water clarity and extent of pollution, but also has a close relationship with primary 
productivity. Because of the spatial and temporal limitations of ship measurements, 
water transparency of extensive region and long time scale via ocean color remote 
sensing. The aim of this study was to retrieve the two parameters measuring the water 
transparency-Secchi disc depth (Zsd) and euphotic zone depth (Zeu). We employed a 
series of field measurements of biological and optical properties that were carried out 
between 2004 and 2009 in different seasons in the China Sea to evaluate the algorithm 
based on inherent optical properties (IOP-based algorithm), with a time window of 
±48h and a spatial range of 1km. 
By combining of the retrieval of inherent optical properties (IOP) with the 
relationship between IOP and Secchi disc depth, and IOP-based algorithm was 
formulated to estimate Zsd from remote sensing of water color. This algorithm was 
further applied to retrieve Zsd in the China Sea, and the calculated results were 
evaluated with the data from in situ measurements. The analysis showed the 
percentage error (ε) for data of Gulf of Tonkin was 34.2%, and the 
root-mean-square-error in log scale (RMSE) was 0.177, it had great advantages 
compared with [Chl]-based algorithm. For South China Sea, Yellow Sea and East 
China Sea, ε were 63.8% and 55.6%, RMSE were 0.249 and 0.221, the retrieval 
results were worse than chlorophyll-a approach. But at the region with depth less than 
60m, ε was 35.6%，RMSE was 0.183 for IOP-based algorithm (omit the stations that 
were probably abnormal, ε was 33.3%，RMSE was 0.176), compared to the other 
algorithms covered before, it had higher accuracy. 
As a parameter that measures water clarity, Zeu can be calculated are produced 
from Rrs which is based on inherent optical properties promoted by Lee et al.. For the 
data with matching location and time window, we had found that the ε between 














0.118. Compared with [Chl]-based algorithm (ε=50.7%, RMSE=0.207), Zeu produced 
with IOP was more reliable. The quality of Zeu from IOP-based algorithm was 
assessed with extensive field-measured Zeu (in the China Sea), where 78% of the 
measurements were made on the continental shelf (≤ 200 m),  indicated that Zeu 
product was applicable and didn’t depend on the hypothesis of Case I waters. 
Zsd and Zeu products from IOP-based algorithm were derived and evaluated at 
the same station, 66 match-up points were found (the measured Zsd and Zeu in a 
range of 1.2～24.5 m and 4.5～79.5 m). Error statistics showed ε between retrieved 
Zsd and in situ Zsd was 59.9% and RMSE was 0.250, obviously great than the error 
of Zeu (ε=27.3%, RMSE=0.138). These results were consistent with Lee’s results 
based on the theory of error propagation. And because of extra variables for the 
estimation of Zsd, the relative uncertainty of Zsd is higher than that of Zeu, especially 
for relatively clear waters. 
In order to discuss the temporal and spatial characters of Secchi disc depth over 
the whole China Sea, IOP-based algorithm was employed to calculate Zsd based on 
MODIS monthly mean nLw data from Jul. 2002 to Dec. 2009. For the region with 
depth less than 60m, some representative stations were selected to do further analyse. 
Secchi disc depth over the China Sea represents obvious seasonal periodical 
changes. In general, Zsd was deeper in summer than in winter. For the whole area, 
Zsd was deeper in southern waters compared to northern waters, so does open waters 
compared to coastal waters. There are distinct tongues of low Zsd out of each river 
estuary. Otherwise, the isoline of Zsd generally parallels to the coastline. 
We investigated the typical stations, and the results indicated that at East China 
Sea and Bohai Sea represented the similar pattern, where Zsd varied with time acting 
like sinusoid . There wasn't obvious variation pattern regarding the stations located in 
Yangtze Estuary, Pearl River Estuary and Gulf of Tonkin. However, the variations 
were great. The influence of aph(443) and adg(443) on Zsd in different seas varied. In 
Bohai Sea, adg(443) exceeded aph(443), where non-algal and CDOM dominated the 
water absorption. 














climate, current and river discharges. 
 














第一章  前言 
1 
第一章  前言 
1.1  研究意义 
          海水透光程度是描述海水特性的基础参数，可以反映水体的清澈度和污染状
况(Jamu et al., 1999)，决定了光合作用的可达深度，从而与海洋初级生产力密切
关联(Behrenfeld and Falkowski, 1997; Morel et al., 1996; 檀赛春和石广玉, 2006)。
海水的透光程度取决于海水中浮游植物、碎屑和有色溶解有机物(Coloured 
Dissolved Organic Matter, CDOM)的组成及浓度(Choubey, 1998; Swift et al., 
2006)。另外风浪、河流和一些突发事件的发生也可能改变水体中的物质组成








反映水体中悬浮物的多少和水体的污染程度(Jamu et al., 1999)。例如作为赤潮预
警的重要监测参数(矫晓阳, 2001)，池塘养殖中控制交换水的速度(Jamu et al., 
1999)。 





    和透明度类似，真光层深度(euphotic Zone Depth，Zeu)也是描述水体透光程
度的一个重要参数。真光层深度是指向下光合有效辐照(Photosynthetic Available 
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